Objective: To determine a role for endothelin (ET) in progression of uterine fibroids. Design: An in vitro model of fibroid and myometrium cultivation. Patients: A total of 32 women undergoing hysterectomies for uterine fibroids and 11 women undergoing hysterectomies for abnormal uterine bleeding (control population). Results: Women with uterine fibroids were hypertensive and displayed significantly greater circulating ET-1 compared to control patients. Secretion of ET-1 was greater from the fibroids compared to myometrium explants. Endothelin 1 secretion was attenuated with blockade of the angiotensin II type 1 or endothelin A receptors. Hypoxia stimulated ET-1 secretion from both myometrium and fibroid explants. Preproendothelin messenger RNA expression increased with hypoxia from fibroid explants compared to normoxic controls. Conclusions: These data support the hypothesis that uterine fibroids are associated with hypertension and increased ET-1, which is exacerbated with hypoxia. These data suggest a possible link between mechanisms of blood pressure regulation and development of uterine leiomyoma.
Introduction
Uterine leiomyomas, or uterine fibroids, are the most common type of benign tumors affecting women during their reproductive years. [1] [2] [3] Fibroids are associated with health problems such as menorrhagia, infertility, pelvic pain, and are the most frequent indication for hysterectomy in the United States. 4, 5 There are many risk factors associated with the occurrence of uterine fibroids such as obesity, nulliparity, and untreated high blood pressure. 6, 7 Despite these observations, the pathophysiology has yet to be fully elucidated, making this problem costly when women's health is measured worldwide. Importantly, the mechanism identifying the genesis and proliferation of fibroids remains unknown.
Recent reports have identified an epidemiologic link between hypertension and the development of uterine fibroids. In 2 studies, American women 8 and Danish women 9 who underwent hysterectomy due to uterine leiomyoma also had a greater incidence of hypertension, thereby suggesting a link between cardiovascular disease and development of uterine fibroids in women. 9 However, a causal role for fibroids in the development of hypertension in these patients has not been established. Potential peptides linking renal and/or vascular function with fibroid proliferation are angiotensin II (ANGII), soluble fms-like tyrosine kinase 1 (sFlt-1), and endothelin 1 (ET-1). Endothelin 1 is a vasoactive peptide secreted from activated endothelial cells 10 and is a marker of endothelial cell activation/dysfunction. Endothelial cell quiescence depends on the balance of circulating inflammatory and angiogenic/antiangiogenic factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor, and sFlt-1. Soluble fms-like tyrosine kinase 1 is a hypoxia-stimulated tyrosine kinase that is normally produced in the uterus during menses. The sFlt-1 binds VEGF with an affinity 10-fold greater than other receptors, thus acting as a soluble trap of VEGF. Since VEGF has been reported to alter ET-1 production, 11 antagonism of VEGF by sFlt-1 could enhance ET-1 synthesis. Furthermore, Murphy et al recently demonstrated that sflt-1 infusion into rats increased blood pressure by stimulating local ET-1 and activation of the ET A receptor. 12 Molecular observations on the induction of survival pathways in tumors suggest an important progenitor role for hypoxia. Hypoxia has been shown to play an important role in the pathogenesis of uterine fibroids, as fibroid cells have been found to be severely hypoxic compared to the adjacent myometrium, [13] [14] [15] and it has been demonstrated that uterine fibroids have an impaired antioxidant cellular enzymatic system, which may make them more susceptible to hypoxia. 16 However, the mechanisms by which hypoxia may promote proliferation of fibroids are unclear. 13 These mechanisms could lead to activation of pathways altering growth and proliferation of smooth muscle cells that could contribute to the formation of uterine fibroids. Importantly, myometrial stem cells can differentiate into fibroid cells following hypoxia via aberrant estrogen signaling. 13, 17 Different pathological cases of acute or chronic ischemia have demonstrated a role for hypoxia to induce sFlt-1 which could influence ET-1 expression. [18] [19] [20] Hypoxia stimulated sFlt-1 induced ET-1 could be one mechanism whereby altered leiomyoma cells enter an antiapoptotic state and may be one potential link between the uterine fibroids and increases in arterial pressure. Therefore, the goal of the current study was to determine whether hypoxia stimulated greater sFlt-1 and/or ET-1 secretion from uterine fibroids compared to the adjacent myometrium. With 36.2% of the population having hypertension, Mississippi is rated as #1 of 50 states for hypertension 21 so we also sought to determine whether our patients undergoing hysterectomy for uterine leiomyoma had underlying hypertension.
Methods

Sample Collection
The fibroid and adjacent myometrial tissues were collected from 32 patients undergoing routine hysterectomies for complications associated with uterine leiomyomas at the University of Mississippi Medical Center (UMMC). Myometrial tissues collected from 11 patients undergoing hysterectomies for abnormal uterine bleeding served as a control population. The UMMC Institutional Regulation Board approved the sample collections with patient informed consent prior to their scheduled hysterectomy. Physical parameters such as blood pressure measurement, weight, and height at the time of the preoperative visit were recorded. Patient charts were also reviewed to determine whether hypertension, diabetes, or other medical conditions were diagnosed and whether patients were compliant with medication, if applicable. Fibroids and myometrium tissues were excised from the uterus while in the operation room and immediately placed in sterile media containing phosphatebuffered saline (Sigma Aldrich, Milwaukee, Minnesota) with 5% penicillin/streptomycin (P/S; Invitrogen, Grand Island, New York) before being immediately brought to the laboratory on the UMMC campus.
Extraction of Circulating ET-1
At the time of study consent blood was collected via venipuncture in serum collection tubes for determination of circulating ET-1. The blood was immediately centrifuged for 10 minutes, and the serum stored at À20 C. Extraction of plasma ET was done using Sep-pak Columns (Waters Corporation, Milford, Massachusetts). Briefly each column was activated by washing with buffer A (60% acetonitrile in 0.1% trifluoroacetic acid, 4 Â 1 mL) and then with buffer B (0.1% trifluoroacetic acid, 5 Â 1 mL). Each plasma sample was acidified by adding an equal volume of buffer B and centrifuged at 3000g for 15 minutes at 4 C. The mixture of plasma and buffer B was loaded onto the columns followed by column washing with buffer B (5 Â 1 mL). The absorbed endothelin materials were slowly eluted with buffer A into an Eppendorf (3 Â 1 mL). The eluent was completely evaporated with a centrifugal evaporator, and the solid was rehydrated with 200 mL of assay buffer (RnD Systems; Minneapolis, Minnesota).
Measurement of Circulating ET-1 and sFlt-1
Concentrations of ET-1 and sFlt-1 were determined using the ET-1 and the soluble VEGF R1/Flt-1 Quantikine enzymelinked immunosorbent assay (ELISA) kit from R&D systems (Minneapolis, Minnesota). The ET-1 assay displayed a sensitivity of 13.3 pg/mL, interassay variability of 8.9%, and intra-assay variability of 3.4%. The sFlt-1 ELISA displayed a sensitivity of 3.5 pg/mL, interassay variability of 7.0%, and intra-assay variability of 3.2%. All samples were assayed in duplicate (2 wells per sample) on the same ELISA plate according to the manufacturer's recommended plate layout.
Tissue Preparation
Tissues were selected from the uterine fibroids and adjacent myometrium randomly and without any preference. The samples were cut into 0.5-mg explants and processed for tissue culture or immediately snap frozen in liquid nitrogen. All frozen tissues were held at À80 C for future analysis. 
Measurement of ET-1 in Tissue Culture Media
Endothelin 1 concentrations were determined using 100 mL of collected medium and using the ET-1 Quantikine ELISA kit described earlier. Each explant experiment was performed in duplicate, yielding a total of 2 media samples per tissue per drug and oxygen condition. Each sample was then assayed in duplicate (2 wells per sample) on the same ELISA assay plate. Values from both samples (each assayed in duplicate) were averaged together to equal 1 ET-1 value per patient per drug concentration per oxygen condition. Total protein was measured in the cell culture media, using a bicinchoninic acid (BCA) protein quantitation kit from Pierce (Rockford, Illinois).
Protocol 2: Effect of Hypoxia on ET-1. To determine whether hypoxia stimulates ET-1 production from patient-matched fibroid and myometrium tissues, explants were placed on matrigel (BD Biosciences, San Jose, California)-coated inserts as described earlier. Tissue culture media of 2.5 mL without any antagonists was added to each explant and incubated under hypoxic (1% O 2 ) or normoxic (6% O 2 ) conditions in a humidified atmosphere at 37 C for a period of 24 hours utilizing a ProOx P110 oxygen-controlled hypoxia chamber specified for cell and tissue culture (BioSpherix, Lacona, New York) which maintains the set oxygen concentration via infusion of nitrogen. At the end of the 24-hour incubation, cell culture media and the explants were collected for further analysis.
Measurement of ET-1 and sFlt-1 Concentration in Tissue Culture Media
Endothelin 1 and sFlt-1 concentrations were determined using 100 mL of collected media and using the ET-1 and sFlt-1 Quantikine ELISA kits described earlier. Each explant experiment was performed in duplicate, yielding a total of 2 media samples per tissue per drug and oxygen condition. Each sample was then assayed in duplicate (2 wells per sample) on the same ELISA assay plate. Values from both samples (each assayed in duplicate) were averaged together to equal 1 ET-1 or sFlt-1 value per patient per drug concentration per oxygen condition. Total protein was measured in the cell culture media, using a BCA protein quantitation kit from Pierce (Rockford, Illinois.
Determination of preproendothelin messenger RNA levels. Fibroid and myometrium explants were snap frozen in liquid nitrogen and stored at À80 C immediately following the hypoxia experiment. To extract total RNA, the tissues were ground using a Minilys (Precellys, Rockland, Maryland) homogenizer and RNA extracted using the Qiagen RNAeasy Protection Mini-kit (Valencia, California). The isolation procedure was performed as outlined in the instructions provided by the manufacturer. Complimentary DNA (cDNA) was synthesized from 1 mg of RNA with BioRad Iscript cDNA reverse transcriptase (Biorad, Hercules, California), and real-time polymerase chain reaction (PCR) was performed using the BioRad Sybre Green Supermix (Biorad, Hercules, California) and iCycler as described previously. 22, 23 The following primers for preproendothelin (PPET) were used: forward CTAGGTCTAAGCGA-TCCTTG and reverse: TCTTTGTCTGCTTGGC, supplied by custom primers from Life technologies (Grand Island, New York). 24 Commercially available primers were used for glyceraldehyde 3 phosphate dehyrogenase (SA Biosciences, Valencia, California). The relative messenger RNA (mRNA) expression levels of the target genes in each sample after normalization were calculated using the 2 ÀD/DCt calculus method of mRNA analysis. 25 
Statistical Analysis
All data are expressed as mean + standard error of the mean when applicable. Differences between groups were analyzed via repeated-measures analysis of variance, paired Student t test or Fisher exact test. Post hoc analysis was done with Bonferonni post hoc test. Values of P < .05 were considered significant.
Results
Women With Uterine Fibroids Have increased Mean Arterial Pressure
A total of 32 women undergoing routine hysterectomies for uterine fibroids and 11 women undergoing hysterectomies for abnormal uterine bleeding were enrolled in the current study. There was no significant difference in the average age between women with fibroids and women in the control group (P ¼ .958) nor in race (P ¼ .201; Table 1 ) or body mass index (BMI; P ¼ .296; Table 1 ). Interestingly, women with uterine fibroids (101.6 + 2.24 mm Hg) had a significantly higher mean arterial pressure (MAP) compared to women without uterine fibroids (90.03 + 3.6 mm Hg; P ¼ .01; Figure 1A ). Only 22% of women with uterine fibroids had normotensive blood pressures (systolic < 120mm Hg as defined by the American Heart Association) which was significantly less when compared to the control population (P ¼ .04, Figure 1B) . Although no women with prehypertensive blood pressures in the control group were being treated for hypertension, 40% (n ¼ 6 out of 15) of the women with prehypertensive blood pressures with fibroids were being treated for hypertension with angiotensin-converting enzyme inhibitors (ACEIs) and/ or diuretics or with b-blockers ( Table 2) . Of women with uterine fibroids, 31% had hypertensive (> 140 mm Hg) blood pressures compared to 18% of the control population (P ¼ .04; Figure 1B ). All of the women with hypertension having uterine fibroids were currently being treated for hypertension with ACEI and/or diuretics or with calcium channel blockers ( Table 2) . One woman in the control group with normotensive pressure was being treated for hypertension with an ACEI, while the other women with systolic pressures <120 mm Hg were not treated with antihypertensives. To determine whether MAP decreased after hysterectomy in our fibroid group, blood pressure was measured within 2 to 6 weeks of surgery. Only 19 of 32 patients returned to our hospital for follow-up treatment after hysterectomy for uterine fibroids, at which time their blood pressure was measured. The MAP was significantly decreased in these patients when compared to their presurgery pressures (100.9 + 3.1 mm Hg vs 93.91 + 2.1 mm Hg postsurgery; P ¼ .02).
There was no significant correlation between the number of uterine fibroids a patient had and her preoperative MAP (r ¼ .133, P ¼ .469; Table 2 ) or between uterine weight and preoperative MAP (r ¼ .089, P ¼ .630; Table 2 ). There was no significant correlation between fibroid size and preoperative MAP (r ¼ .135, P ¼ .460, Table 2 ); however, as expected, there was a significant positive correlation between uterine Figure 1 . Hypertension and endothelin 1 (ET-1) secretion is associated with uterine fibroids. Mean arterial pressure (MAP) was significantly higher in women with fibroids compared to women without fibroids (A). Panel B demonstrates that women with fibroids were more likely to be hypertensive compared to women without fibroids. ET-1 (C) and sFlt-1 (D) was increased in the circulation of women with fibroids. * denotes P < .05; ** P < .005 compared to the control group. weight and fibroid size (r ¼ .447, P ¼ .01, Table 2 ). In the current study, only 3 patients with fibroid ( To determine whether circulating levels of ET-1 were higher in women with uterine fibroids, we extracted and measured endothelin from plasma. Women with uterine fibroids (n ¼ 10) had significantly more circulating ET-1compared to women without uterine fibroids (n ¼ 6; P ¼ .005; Figure  1C ). As obesity (classified as BMI > 30), diabetes, and hypertension can increase circulating ET-1 levels, [26] [27] [28] we restratified data based on the presence or absence of these factors in women with uterine fibroids. There was no positive correlation between any of these factors and increased ET-1 or sFlt-1 levels (Supplemental Data Table 3 ). Similar to circulating ET-1, levels of sFlt-1 were significantly increased (P ¼ .02, Figure 1D ) in women with uterine fibroids (n ¼ 6) compared to women without (n ¼ 6).
Protocol 1: Blockade of the AT1R Decreases ET-1 Secretion
Previous studies have demonstrated a role for activation of the AT1R in stimulating proliferation of Eker rat leiomyoma cells (ELT-3). 11, 29 To determine whether activation of the AT1R induced ET-1 secretion, we added Losartan (0.1 or 1 mmol/L), an AT1R antagonist into tissue culture media with myometrium control explants (n ¼ 5) and into tissue culture media with patient-matched myometrium and fibroid explants (n ¼ 5). Endothelin 1 secretion was significantly decreased in the myometrium at both the 0.1 mmol/L (P ¼ .007) and the 1.0 mmol/L doses (P ¼ .003; Figure 2A ) compared to untreated explants. Explants of fibroid tissue also secreted less ET-1 at both 0.1 mmol/L (P ¼ .07) and 1.0 mmol/L (P ¼ .03) doses when compared to the untreated explants (Figure 2A ). There were no differences in ET-1 secretion from myometrium collected from our control population (P ¼ .301; Supplemental Figure 1A ) and treated with Losartan compared to untreated explants (0 mmol/L Losartan).
Blockade of the ET-1 Receptor Decreases ET-1 Secretion
To determine which ET receptor is most likely activated in fibroids, we added an ET A or ET B receptor antagonist (0.1 or 1 mmol/L) into the tissue culture media with myometrium control explants (n ¼ 5) and into the tissue culture media of patient-matched myometrium and fibroid explants (n ¼ 5). Of these 5 patients, 1 was menopausal; however, this patient's data points were in line with the other 4 nonmenopausal patients. Endothelin 1 secretion was significantly decreased from the myometrium at the 0.1 mmol/L (P ¼ .0008) and 1.0 mmol/L doses (P ¼ .01; Figure 2B ) of the ET A antagonist compared to untreated explants. Explants from the fibroid tissue also secreted significantly less ET-1 at the 0.1 mmol/L (P ¼ .01) and 1.0 mmol/L doses (P ¼ .01) when compared to the untreated explants ( Figure 2B ). Blockade of the ET A receptor at the 0.1 mmol/L dose significantly increased ET-1 secretion from myometrium collected from our control population when compared to ET-1 secretion from the untreated explants (P ¼ .003; Supplemental Figure 1B ), whereas treatment with 1 mmol/L did not significantly change ET-1 secretion when compared to the untreated explants (P ¼ .139) or the explants treated with 0.1 mmol/L of the ET A antagonist (P ¼ .06).
Myometrium tissue treated with the ET B antagonist had a significant decrease in ET-1 secretion at the 0.1 mmol/L (P ¼ .01) and 1.0 mmol/L doses (P ¼ .008) when compared to the untreated explants ( Figure 2C ). The ET B receptor antagonism did not significantly decrease ET-1 production at the 0.1 mmol/L (1.12 + .42 pg/mg/mL; P ¼ .18) or the 1.0 mmol/L dose (1.01 + .36 pg/mg/mL; P ¼ .11) when compared to the untreated fibroid explants (2.03 + .45 pg/mg/mL; Figure 2C ). There were no differences in ET-1 secretion from myometrium collected from our control population when treated with ET B antagonists (P ¼ .377; Supplemental Figure 1C ).
Protocol 2: Fibroid Explants Secrete Significantly More ET-1
Endothelin 1 secretion was significantly increased in fibroid explants compared to myometrium explants (n ¼ 32, P ¼ .025; Figure 3A ). To determine whether hypoxia exacerbates ET-1 secretion in uterine fibroids, patient-matched myometrium and fibroid explants (n ¼ 32) and myometrium control explants (n ¼ 6) were cultured under normoxic or hypoxic conditions for 24 hours. Endothelin 1 secretion from myometrial explants increased in response to hypoxia compared to normoxic myometrial explants (P ¼ .004; Figure 3A ). Endothelin 1 secretion from fibroid explants also increased significantly in response to hypoxia compared to normoxic fibroid explants (P ¼ .001; Figure  3A ). Endothelin 1 secretion from fibroid explants cultured under normoxia was significantly higher compared to patient-matched myometrial explants (P ¼ .02, Figure 3A) . As expected ET-1 secretion was significantly higher in fibroid explants exposed to 24 hours of hypoxia (P ¼ .005; Figure 3A ) compared to myometrium explants exposed to hypoxia. Importantly, after 24 hours of hypoxia, myometrial ET-1 explant secretion (2.99 + .56 pg/mg/ mL) was comparable to normoxic fibroid ET-1 explant secretion (2.30 + .46 pg/mg/ml; P ¼ .351). Hypoxia did not significantly increase ET-1 secretion (0.318 + 0.07 pg/mg/mL) in myometrium explants from our control population compared to patient-matched normoxic controls (0.226 + 0.118 pg/mg/mL; P ¼ .348, Figure 3A ). These results indicate that hypoxia stimulates ET-1 secretion from myometrial explants of women with uterine fibroids and exacerbates ET-1 response in fibroid explants. Soluble fms-like tyrosine kinase 1 was measured in cell culture media collected from normoxic and hypoxic tissue explants after 24 hours of culture. The sFlt-1 secretion from myometrial explants increased in response to hypoxia compared to normoxic myometrial explants (P ¼ .0007; Figure  3B ). The sFlt-1 secretion from fibroid explants increased significantly, in response to hypoxia compared to normoxic fibroid explants (P ¼ .003; Figure 3B ). The sFlt-1 secretion was significantly increased in fibroid explants incubated under normoxic conditions compared to patient-matched myometrial explants (P ¼ .018; Figure 3B ) incubated under normoxia. Despite the hypoxia-stimulated sFlt-1 secretion from myometrial explants, sFlt-1 secretion was still significantly higher in fibroid explants exposed to 24 hours of hypoxia (P ¼ .002; Figure 3B ). Hypoxia did not significantly increase sFlt-1 secretion (358.3 + 66.99 pg/mg/mL) in myometrium explants from our control population compared to patient-matched normoxic controls (335.2 + 35.4 pg/mg/mL; P ¼ .762, Figure 3B ). After 24 hours of hypoxia, myometrial sFlt-1 explant secretion (2144 + 381.7 pg/mg/mL) was comparable to normoxic fibroid sFlt-1 explant secretion (1819 + 1226 pg/mg/ml; P ¼ .585). These results indicate that hypoxia stimulates sFlt-1 secretion from myometrial explants of women with uterine fibroids and exacerbates sFlt-1 response in fibroid explants.
Preproendothelin Expression is Increased in Uterine Fibroids Compared to the Adjacent Myometrium
Utilizing real-time PCR, we measured PPET in fibroid and myometrium tissue explants from cultured explants to determine whether hypoxia exacerbates PPET mRNA expression. Under normoxic conditions, PPET expression was increased 6.5-fold (P ¼ .01; data not shown) in fibroid explants compared to myometrial explants and PPET expression was increased 10-fold (P ¼ .002; data not shown) in hypoxic fibroid explants when compared to hypoxic myometrial explants. Hypoxia did ET-1 secretion from fibroid explants incubated under normoxic conditions was decreased through blockade of the AT1 receptor (A), the ET A (B), or the endothelin-B (ET B ) receptor (C). * denotes P < .05; ** P < .005; *** P < .0005 compared to the 0 mmol/L (untreated) tissue control.
not significantly increase PPET expression in myometrial explants (P ¼ .150, Figure 3C ) compared to normoxic explants. Hypoxia increased PPET expression in fibroid explants almost 3-fold (P ¼ .028, Figure 3C ) compared to normoxic controls. Hypoxia did not significantly increase PPET expression in myometrium collected from the control population (P ¼ .724, Figure 3C ).
Discussion
Recent reports have identified an epidemiologic link between hypertension and the development of uterine fibroids in women with fibroids having an approximate 2-fold increase in the incidence of hypertension. 9, 10 These studies suggested that this association increased the risk of cardiovascular disease in women with uterine fibroids. In the present study, we report that women with uterine fibroids have increased circulating sFlt-1 and ET-1(2 peptides that are linked to renal and vascular function) and that these women are hypertensive compared to the control population. Furthermore, myometrial ET-1 secretion is much greater from patients with fibroids compared to myometrium ET-1 secretion from patients without fibroids. Importantly, expression and secretion of ET-1 were exacerbated with chronic hypoxia from either patient-matched myometrium or fibroid explants. In addition, ET-1 secretion from fibroid explants was attenuated through blockade of the ANGII or ET-1 pathway. In the current study, we also report a significant decrease in MAP after hysterectomy. As such, the results from the current study support a link between fibroid secretion of vasoactive factors and the development of hypertension in the leiomyoma patient.
A reduction in oxygen in the uterus is believed to play an important role in the development of uterine fibroids. Over the past few years, there have been several studies demonstrating that fibroids are indeed hypoxic compared to the adjacent myometrium. 13, 15, 30 It has also been suggested that dysregulation of the estrogen pathway during hypoxia activates myometrial stem cells, thus contributing to the development of uterine fibroids. 13 Moreover, we found that hypoxia increases secretion of ET-1 and sFlt-1 in the myometrium and fibroid tissue. These findings suggest that hypoxia may also play an important role in regulating the increases in endothelin and some of the dysregulation in angiogenesis seen in women with uterine fibroids.
As ET-1 is a powerful vasoconstrictor in which only nanogram changes in concentration are required to elicit a powerful physiological response, 31 its dysregulation has been linked to hypertensive disorders such as chronic kidney disease as well Figure 3 . Hypoxia increases endothelin 1 (ET-1) and soluble fms-like tyrosine kinase 1 (sFlt-1) secretion. ET-1 secretion from fibroid explants incubated in hypoxic conditions is significantly higher compared to the myometrium and normoxic controlled fibroid explants (A). Hypoxia significantly increases sFlt-1 secretion compared to normoxic controls. sFlt-1 secretion from hypoxia-exposed fibroid explants is significantly higher compared to hypoxia-exposed myometrium (B). ET-1 transcript was quantitated by real-time polymerase chain reaction in uterine fibroid and myometrial explants from normoxic and hypoxic cultures. Preproendothelin expression in the fibroid is significantly increased compared to the myometrium (C). Hypoxia increased preproendothelin (PPET) expression in the myometrium and in the fibroid. N ¼ 7 patients per group. * denotes P < .05; ** P < .005; *** P < .0005 between 2 groups being compared as indicated by the solid black line.
as a number of female reproductive disorders including preeclampsia, endometriosis, and ovarian and cervical cancers. 10, 18, 20, [32] [33] [34] [35] [36] Additionally, ET-1 has been implicated as a promoter for myometrial and uterine tumor cell growth, its mRNA is upregulated in uterine fibroids, and it has been found to mediate cell proliferation in the tumor-derived cell line from Eker rat. 10, 36, 37 In the current study, we found that circulating ET-1 was increased in women with uterine fibroids compared to women without uterine fibroids. In addition, when cultured under normoxic conditions, fibroid explants secreted significantly more ET-1 compared to the adjacent myometrium. Furthermore, blockade of the ET-1 receptors decreased ET-1 secretion.
Components of the renin-angiotensin-aldosterone system have been identified as important regulators of fibrosis. Angiotensin II is an important blood pressure control pathway that has been linked to growth and proliferation of uterine leiomyoma. Studies utilizing the Eker rat model indicate that ANGII induced ELT3 cell proliferation via upregulation of the AT1R 11, 29 and that proliferation was inhibited by AT1R blockade. 11 In the current study, in vitro blockade of the AT1R with Losartan decreased ET-1 secretion in uterine fibroids which supports a role for the renin-angiotensin system in ET-1 secretion from uterine fibroids. Previously Dohi et al demonstrated that ANGII stimulated endothelial production of endothelin in vitro in mesenteric resistance arteries of spontaneously hypertensive rats. 38 These authors suggest that vascular endothelin production acts as an amplifier of the pressor effects of the renin-angiotensin system. This may serve as one potential physiological system whereby hypertension, as evidenced in the patients with uterine fibroids in this study, could be associated with the increased proliferation of uterine fibroids.
Overexpression of sFlt-1 has been shown to play a crucial role in the development of hypertension and immune activation, and placental hypoxia has also been shown to induce sFlt-1 expression during pregnancy, indicating that hypoxia may play a role in regulating expression of sFlt-1. 39 In the present study, sFlt-1 was increased in fibroid explants compared to the myometrium, indicating that hypoxia regulates sFlt-1 expression in uterine fibroids. While sFlt-1 has not been reported in literature concerning uterine fibroids, we believe that both the significant increase in circulating sFlt-1 in women with uterine fibroids and the data indicating that hypoxia exacerbates its secretion from uterine fibroids suggest that sFlt-1 contributes to endothelial dysfunction and the development of high blood pressure in the leiomyoma patient.
The results from our study demonstrating that women with uterine fibroids were more likely to be hypertensive are in agreement with earlier work by Luoto et al who reported that 42% of hypertensive women had uterine fibroids compared to 37% of normotensive women. 40 Although only 32% of the women in the current study were hypertensive, the larger sample size (n ¼ 543 patients) in Luoto study could well attribute to these differences. Unexpectedly, the number or size of uterine fibroids was not correlated with preoperative MAP (Table 2) . A study published earlier this year by Moorman et al found similar results in that neither BMI or hypertension was statistically associated with uterus size or the number of fibroids. 41 These results when taken together with ours suggest that maybe another factor such as ET, sFlt-1, or local activation of the renin-angiotensin system influence hypertension associated fibroid growth.
The current study supports an association between antiangiogenic factors, endothelial dysfunction, and hypertension in women with uterine fibroids. While this association has been commonly known to be true in the pregnancy-related illness, preeclampsia, and chronic kidney disease, this is the first study to suggest a possible association in women with uterine fibroids. All of the women in the current study underwent hysterectomy after failure of oral contraceptives and/or DepoProvera. Gonadotrophin-releasing hormone antagonists (GnRHa) have been shown to be effective in decreasing fibroid size prior to hysterectomy, due to the decrease in estrogen. While none of the patients in the current study were treated with GnRHa, it is possible that administration of GnRHa or possibly analogs of Vitamin D, both of which have been shown to reduced fibroid size, might possibly have a positive effect on either ET-1 or sFlt-1 production and secretion. 42, 43 Although the present data demonstrate hypoxia induced endothelin 1 and sFlt-1 are stimulated in fibroids and the myometrium from the leiomyoma patient, it remains unknown by which mechanisms these factors may contribute to the development and proliferation of uterine fibroids. Additionally, it is unknown what cell type, smooth muscle cells, endothelial cells, or fibroblasts are the potential sources of ET-1 and sFlt-1 in the uterine fibroids. The current study highlights the importance of future research needed to determine a role for hypoxia altered vasoactive pathways to mediate the development of uterine leiomyoma and hypertension in this unique patient population and to determine what cell types are mediated by these pathways.
